Regulation of brain pH is a critical homeostatic process and changes in brain pH modulate various 10 ion channels and receptors and thus neuronal excitability. Tissue acidosis, resulting from hypoxia 11 or hypercapnia, can activate various proteins and ion channels, among which acid-sensing ion 12 channels (ASICs) a family of primarily Na + permeable ion channels, which alongside classical 13 excitotoxicity causes neuronal death. Naked mole-rats (NMRs, Heterocephalus glaber) are long-14 lived, fossorial, eusocial rodents that display remarkable behavioral/cellular hypoxia and 15 hypercapnia resistance. In the central nervous system, ASIC subunit expression is similar 16 between mouse and NMR with the exception of much lower expression of ASIC4 throughout the 17 NMR brain. However, ASIC function and neuronal sensitivity to sustained acidosis has not been 18 examined in the NMR brain. Here, we show with whole-cell patch-clamp electrophysiology of 19 cultured NMR and mouse cortical and hippocampal neurons that NMR neurons have smaller 20 voltage-gated Na + channel currents and more hyperpolarized resting membrane potentials. We 21 further demonstrate that acid-mediated currents in NMR neurons are of smaller magnitude than 22 in mouse, and that all currents in both species are fully blocked by the ASIC antagonist benzamil. 23
acquired using an EPC10 amplifier and Patchmaster software (HEKA). Whole-cell currents were 1 recorded at 20 kHz, pipette and membrane capacitance were compensated using Patchmaster 2 macros, and series resistance was compensated by >60 %. Cell capacitances and resting 3 membrane potentials were measured just after cell opening in whole-cell configuration. To study 4 macroscopic voltage-gated currents, a standard voltage-step protocol was used whereby cells 5
were held at -120 mV for 200 msecs before stepping to the test potential (-80 mV -+65 mV in 5 6 mV increments) for 50 msecs, returning to the holding potential (-60 mV) for 200 msecs between 7 sweeps. In some experiments, tetrodotoxin (300 nM, Alomone Labs) was perfused for 30 seconds 8 before repeating the voltage-step protocol. To measure neuronal acid-sensitivity, cells were 9 exposed to the following protocol: 5 seconds of pH 7.4; 5-seconds of pH 5; and 5 seconds of pH 10 7.4. ASIC antagonists (100 µM Benzamil, Sigma) were perfused during 30 seconds before 11 applying another 5 second pulse of pH 5. After 90 second wash time with pH 7.4 solution, a 5 12 second pulse of pH 5 was applied to check for reversal of any block observed. Current amplitude 13 was measured in Fitmaster (HEKA) by taking the maximum peak response and subtracting the 14 mean baseline amplitude in the preceding 50 msec (voltage-gated currents) or ~2.5 sec (ASIC 15 currents); current amplitude was normalized for cell size by dividing by cell capacitance. Using 16 Igor Pro, for each individual cell that underwent the voltage-step protocol, the following equation where Vm is the membrane voltage and VHalf the voltage at half-maximal activation. To 1 determine the inactivation time of the ASIC-mediated currents, a single exponential was fitted. 2 Data are expressed as mean ± standard error of the mean (SEM). Using Prism (GraphPad), 3 paired t-tests were used to compare the effects of ASIC antagonists on proton-gated currents 4 within both mouse and NMR neuron datasets; unpaired t-tests were used to compare parameters, 5 such as neuronal resting membrane potential and capacitance and ASIC-mediated current 6 amplitude, between mouse and NMR neuron datasets. 7
Acid-induced cell death assays 8
Mouse and NMR neurons were used to measure acid-induced cell death at DIV9-12. The pH 7.4 9 and pH 5 extracellular solutions used were the same as those described above for 10 electrophysiology experiments. Neuronal cultures from both mouse and NMR were rinsed twice 11
with 37 °C solution (pH 7.4 or pH 5) and then incubated with pH 7.4 or pH 5 solution for 2 hours 12 at 37 °C. Cultures from both conditions were then rinsed with warm pH 7.4 solution and incubated 13 during 30 min with pH 7.4 solution containing 1.5 mM propidium iodide (PI, Sigma Aldrich) to stain 14 necrotic cells and Hoechst 33342 (dilution 1/2500, Sigma) to label all nuclei. Labelled cultures 15 were imaged using an epifluorescence microscope (Olympus) equipped with a 20X objective 16
(Olympus) and a QImaging camera. To determine the percentage of dead necrotic PI-positive 17 cells, we used the software Fiji to count the total number of cells per field of view by counting 18 nuclei on the Hoechst images, and subsequently counting the number of PI-positive nuclei on the 19 PI images. One to three dishes per condition were used, and three different images per dish were 20 taken. Data were collected from three different cultures and each culture was prepared from 21 multiple animals. A one-way ANOVA test (Prism, GraphPad) corrected for multiple comparisons 22 (Tukey test) was used to compare the percentage of cell death in each field of view at pH 7.4 and 23 pH 5 in both species. Data are expressed as mean ± standard error of the mean (SEM).
and mouse neurons 3
Electrophysiological recordings from NMR neurons have been performed in both DRG 4 sensory neurons [43, 50] and CNS neurons [46, 47, 53] . However, neuronal activity from NMR CNS 5 has only been recorded in brain slices, in the form of field excitatory postsynaptic potentials, and 6 the basic electrophysiological properties of NMR neurons in hippocampal and cortical cultures 7
have not yet been described. 8
We first compared the capacitance and resting membrane potential of NMR and mouse 9 neurons from both cortical and hippocampal neuronal cultures ( Fig. 1 ). The capacitance of NMR 10
neurons was significantly smaller than in mouse neurons in both cortical and hippocampal 11 cultures (cortex: 17.27 ± 1.02 pF versus 28.72 ± 2.32 pF for NMR (n = 30) and mouse (n = 24) 12 neurons, respectively; hippocampus: 17.41 ± 1.03 pF versus 38.13 ± 3.27 pF for NMR (n = 18) 13 and mouse (n = 26) neurons, respectively; unpaired two-sided t-tests, **** p < 0.0001, Fig. 1a ). 14 Resting membrane potentials were measured as soon as the whole-cell configuration was 15 established and NMR neurons were significantly more hyperpolarized than mouse neurons, in 16 both cortical and hippocampal cultures (cortex: -57.03 ± 2.64 mV versus -44.05 ± 2.84 mV for 17 NMR (n = 30) and mouse (n = 21) neurons, respectively; hippocampus: -55.11 ± 4.79 mV versus 18 -43.85 ± 2.59 mV for NMR (n = 18) and mouse (n = 26) neurons, respectively; unpaired two-sided 19 t-tests; ** p < 0.01; * p < 0.05, Fig. 1b ). 20
We then investigated macroscopic voltage-gated currents in NMR and mouse neurons, 21 using a voltage-step whereby cells were held at -120 mV for 200 msecs before stepping to the 22 test potential (-80 mV to +65 mV in 5 mV increments) for 50 msecs, and returning to the holding 23 potential (-60 mV) for 200 msecs between sweeps ( Fig. 1c ). Both NMR and mouse neurons 24 showed inward and outward currents ( Fig. 1c-e ). In some experiments, the voltage-step protocol was run twice, the second time after 300 nM tetrodotoxin (TTX) had been applied for 30 seconds 1 to investigate the contribution of TTX-sensitive voltage-gated Na + channels (NaVs) to the 2 macroscopic voltage-gated inward currents recorded in NMR neurons ( Fig. 1c , right panel). In 3 both cortical and hippocampal NMR neurons, the voltage-gated inward currents were fully blocked 4 by 300 nM TTX (n = 8 and n = 2 for cortical and hippocampal neurons, respectively). The fact that 5 no inward current remained after application of 300 nM TTX indicates that only NaVs were 6 activated with our voltage-step protocol and that there was no measurable contribution of voltage-7 gated Ca 2+ channels to the inward currents recorded. Moreover, these results indicate that cortical 8 and hippocampal NMR neurons only express TTX-sensitive NaVs. 9
Strikingly, NMR neurons had a significantly smaller inward peak current density in both 10 cortical and hippocampal cultures (cortex: 28.79 ± 3.83 pA/pF versus 202.40 ± 21.35 pA/pF for 11 NMR (n = 19) and mouse (n = 17) neurons, respectively; hippocampus: 39.00 ± 6.39 pA/pF versus 12
196.70 ± 28.28 pA/pF for NMR (n = 13) and mouse (n = 16) neurons, respectively; unpaired two-13 sided t-tests, **** p < 0.0001, Fig. 1d .i-ii). Additionally, the voltage of half-activation (Vhalf) and 14 the peak inward current amplitude potential (peak Vm) were more depolarized in NMR neurons 15 compared to mouse neurons (cortex: Vhalf: -36.12 ± 2.80 mV versus -45.42 ± 1.99 mV and peak 16
Vm: -12.43 ± 3.02 mV versus -31.27 ± 2.61 mV for NMR (n = 19) and mouse (n = 17) neurons, 17 respectively; hippocampus: Vhalf: -37.10 ± 2.34 mV versus -45.71 ± 1.30 mV and peak Vm: -18 17.62 ± 4.00 mV versus -30.68 ± 3.09 mV for NMR (n = 13) and mouse (n = 16) neurons, 19 respectively; unpaired two-sided t-tests, **** p < 0.0001, ** p < 0.01; * p < 0.05, Fig. 1d .iii-iv). 20
These results suggest that NMR neurons may be less excitable compared to mouse neurons, 21 with more hyperpolarized resting membrane potentials and smaller voltage-gated inward currents 22
that are activated at more depolarized potentials, i.e. a greater depolarizing stimulus is required 23
to activate NMR voltage-gated inward currents that produce much smaller currents. 1 = 24) and mouse (n = 17) neurons, respectively; hippocampus: 5.15 ± 2.50 mV versus 11.59 ± 2 2.26 mV for NMR (n = 14) and mouse (n = 16) neurons, respectively; unpaired two-sided t-tests, 3 p = 0.221 and p = 0.094 for cortex and hippocampus respectively, Fig. 1e .ii). 4 5
Acid-induced currents are mediated by ASICs in both NMR and mouse neurons 6
The expression profile of ASIC subunits is similar in mouse and NMR brains, with the 7 exception of lower levels of ASIC4 throughout the NMR brain [51] , results suggesting that 8
functional ASIC-mediated currents should be present in NMR as others have shown in mouse 9
[4,5,7,8,15]. 10 A 5 second pulse of pH 5 was applied to NMR and mouse neurons from both hippocampal 11
and cortical neurons and rapidly activating and inactivating acid-induced responses were 12 recorded in every cell of both species (Fig. 2a ). However, the peak current density of acid-13 mediated responses recorded in NMR neurons was significantly smaller than in mouse neurons, 14
in both hippocampal and cortical neurons (cortex: 15.41 ± 1.82 pA/pF versus 85.66 ± 10.90 pA/pF 15 for NMR (n = 31) and mouse (n = 24) neurons, respectively; hippocampus: 20.54 ± 2.86 pA/pF 16 versus 100.90 ± 17.68 pA/pF for NMR (n = 22) and mouse (n = 26) neurons, respectively; 17 unpaired two-sided t-tests, **** p < 0.0001, *** p < 0.001, Fig. 2b ). By contrast, the inactivation 18 time constant of the acid-mediated currents was similar between NMR and mouse neurons 19 (cortex: 0.35 ± 0.012 s versus 0.44 ± 0.056 s for NMR (n = 27) and mouse (n = 18) neurons, 20 respectively, unpaired two-sided t-test, p=0.0516; hippocampus: 0.47 ± 0.06 s versus 0.35 ± 0.04 21 s for NMR (n = 13) and mouse (n = 19) neurons, respectively; unpaired two-sided t-test, p = 22 0.0861, Fig. 2c ). 23
The transient nature of the acid-mediated inward currents in both NMR and mouse 24 neurons is characteristic of ASIC-mediated currents [3] and to confirm the involvement of ASICs seconds, we applied 100 µM benzamil for 30 seconds before a second pH 5 pulse, then followed 1 by a wash period of 90 seconds (Fig. 2d, 2g ). In cortical and hippocampal mouse neurons, the 2 acid-induced currents were reversibly blocked by 100 µM benzamil (cortex: pH 5: 133.60 ± 19.01 3 pA/pF; benzamil: 16.77 ± 5.28 pA/pF; wash: 133.80 ± 19.88 pA/pF (n = 9); hippocampus: pH 5: 4 151.00 ± 33.64 pA/pF; benzamil: 7.84 ± 2.67 pA/pF; wash: 89.26 ± 20.48 pA/pF (n = 10); one-5 way paired ANOVA test, Tukey's multiple comparison test, *** p < 0.001, ** p < 0.01, Fig. 2e-f Similarly, in cortical and hippocampal NMR neurons, acid-induced currents were 9
reversibly inhibited by 100 µM benzamil (cortex: pH 5: 9.66 ± 1.09 pA/pF; benzamil: 2.78 ± 0.49 10 pA/pF; wash: 9.13 ± 0.89 pA/pF (n = 7); hippocampus: pH 5: 11.13 ± 1.88 pA/pF; benzamil: 3.50 11 ± 0.53 pA/pF; wash: 8.15 ± 1.30 pA/pF (n = 6); one-way paired ANOVA test, Tukey's multiple 12 comparison test, *** p < 0.001, ** p < 0.01, Fig. 2h-i) . This is the first demonstration of functional 13 ASIC-mediated currents in CNS NMR neurons. 14
15
NMR neurons are resistant to acid-induced cell death 16
ASICs are involved in acid-induced cell death, so-called acidotoxicity, which can occur 17 during periods of ischemia [5, 15, 16] . Because NMR neurons exhibit significantly smaller ASIC 18 currents (Fig. 2) , we hypothesized that this could be neuroprotective when neurons are in an 19 acidic environment. We exposed neuronal cultures from mouse and NMR cortices to a pH 7.4 or 20 a pH 5 solution for 2 hours at 37 °C. Nuclei were stained by Hoechst 33342 and necrotic (dead) 21 neurons were labeled using propidium iodide (PI) (Fig. 3) . Percentages of dead neurons were 22 calculated by counting the number of necrotic PI-positive cells over the total number of Hoechst In this study, we recorded for the first time from cultured NMR brain neurons and 14 described their basic electrophysiological properties (Fig. 1 ). We showed that NMR neuronal 15 capacitance was smaller than in mouse neurons and that the resting membrane potential of NMR 16
neurons is more hyperpolarized than in mouse neurons. Although capacitance and resting 17 membrane potential values obtained from mouse neurons were similar to those reported by others 18 using cultured rodent neurons [55,56], for NMR neurons however, previous data from others 19 found their resting membrane potential to be more hyperpolarized (NMR cortical neurons: -57.03 20 ± 2.64 mV, NMR hippocampal neurons: -55.11 ± 4.79 mV, Fig. 1 ; NMR hippocampal pyramidal 21 neurons (4 months old): -70.3 ± 6.1 mV, NMR hippocampal dentate granule cells (4 months old): 22 -75.1 ± 3.6 mV, [53]). One explanation for the difference observed is likely the experimental 23 conditions, here we cultured neurons, whereas Penz and colleagues made recordings in brain slices. Secondly, we isolated neurons from neonatal animals, whereas slice recordings were 1 made from animals aged at least 4-months. 2 A standard voltage-step protocol that has been already successfully used in NMR 3 sensory neurons to predominantly isolate NaV activity [43] was used to measure macroscopic 4 voltage-gated current activity in mouse and NMR neurons. NaV currents recorded from mouse 5 neurons were not different to what have been recorded in similar experimental conditions (for 6 example, mouse cortical neurons at DIV 10-12: Vhalf: -41.62 ± 1.46 mV in [57] versus this study 7 : -45.42 ± 1.99 mV). Similarly, inward currents recorded in NMR brain neurons were also very 8 similar to currents recorded in NMR sensory neurons (NMR cortex: Vhalf: -36.12 ± 2.80 mV; NMR 9 hippocampus: Vhalf: -37.10 ± 2.34 mV; NMR DRG neurons: Vhalf: from -34.2 ± 0.1 mV to -44.6 10 ± 0.5 mV [43]). However, NMR inward currents significantly differed from mouse currents: the 11 peak current density was significantly smaller and the Vhalf and peak Vm values were more 12 depolarized. These differences in NMR NaV activity likely result from differences in amino acid 13 sequence of NaV subunits and/or differential expression of accessory subunits and warrant 14 further investigation. We also found that addition of 300 nM TTX completely abolished all voltage-15 gated inward currents demonstrating an absence of TTX resistant NaV subunits in the NMR brain. 16
It should also be noted that although NMR neurons were cultured at 32 °C under hypoxic (3 % 17 O2) conditions, recordings under normoxic, standard laboratory conditions, whereas NMRs live in 18 a hypoxic and hypercapnic environment [58, 59] , which may influence channel activity in vivo. 19 ASIC activity in brain neurons is now accepted as a key factor in numerous physiological 20 and pathological conditions [60]. However, nothing is known about acid-induced responses in 21 NMR brain neurons, which is of considerable interest considering the behavioral 22 hypoxia/hypercapnia resistance and lack of acid-induced nocifensive behavior display by NMR 23 that are likely adaptations to adapting to a safe, but relatively hypoxic and hypercapnic habitat 24
[35]. Recently, we described ASIC subunit expression in the NMR CNS [61], which is similar to 25 that in the mouse CNS, with the exception of lowered ASIC4 levels in the NMR brain. However, evidence for functional ASIC activity is lacking and is of particular interest in light of our recent 1 finding that nmrASIC3 forms non-functional homomers [50] . Here, we find that NMR brain neurons 2 produce ASIC-mediated currents in response to acid stimulation, in both hippocampus and cortex, 3 as demonstrated by acid-induced responses being fully, reversibly blocked by 100 µM benzamil 4 ( Fig. 2) . However, the peak current density of NMR ASIC-mediated responses was significantly 5 reduced compared to responses recorded in mouse neurons. The reasons for such reduction in 6 ASIC currents in NMR neurons is not known and additional research is needed to determine what 7 underpins this different, e.g. are regulators of ASIC plasma membrane trafficking different in 8
NMR? Is there a different developmental expression profile of ASICs between mouse and NMR? 9
With regard to the ASIC currents themselves, they have similar decay kinetics in both NMR and 10 mouse neurons (Fig. 2c) , which suggests that a similar mixture of ASIC subunits are expressed, 11
as our previous mRNA based analysis suggested [61] . 12
Incubation with a pH 5.0 solution showed that unlike mouse neurons, NMR neurons do 13 not undergo any significant acid-induced cell death (Fig. 3) . This is the first demonstration of is established that ASICs play a key role in acidotoxicity. Considering the similar prevalence of 18 ASIC currents, we suggest that the reduced ASIC-mediated current amplitude observed in NMR 19 neurons may be an additional neuroprotective mechanism in NMR brains, alongside the 20 previously described increased hypoxia-inducible transcription factor (HIF1-α) expression [64] or 21 more efficient in vivo CO2 buffering [47]. One possible mechanism for the decreased amplitude 22 observed is reduced ASIC plasma membrane trafficking which is known to be modulated by an 23 extracellular acidic environment [63]. However, it is also possible that the reduced acid-induced 24 cell death observed is not ASIC-dependent because although ASIC activation appears to play a in extracellular pH, such as NaVs [27,28] and glutamate receptors [31] and may contribute to the 1 lowered acid-induced cell death observed, for example, here we also show that NMR neurons 2 also have smaller NaV-mediated currents, which may also add a layer of neuroprotection. 3 4
Conclusions 5
In this work, we describe for the first time the basic electrophysiological properties of NMR 6 neurons in culture and showed that the resting membrane potential of NMR neurons is more 7 hyperpolarized, as well as the amplitude of NaVs being smaller than that of mouse neurons. We 8 then demonstrated that acid-induced currents are present in NMR neurons and are, as in mouse, 9
ASIC-mediated. The key result is that acid-induced cell death is virtually absent in NMR neurons, 10
with reduced ASIC and NaV amplitudes likely contributing to this observation, and thus this is a 11 further adaptation enabling NMR to live in a subterranean, hypercapnic/hypoxic environment. Body also approved procedures. 20
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